Infrequent cavity-forming fluctuations in HPr from
Staphylococcus carnosus revealed by pressure-and temperature-dependent tyrosine ring flips 1
∼10
5 s −1 were determined from the line shape analysis of H ␦1,␦2 and H 1,2 of Tyr6, giving an activation volume ⌬V ‡ of 0.044 ± 0.008 nm 3 (27 mL mol −1 ), an activation enthalpy ⌬H ‡ of 89 ± 10 kJ mol −1 , and an activation entropy ⌬S ‡ of 16 ± 2 JK −1 mol −1 . The ⌬V ‡ and ⌬H ‡ values for HPr found previously for Tyr and Phe ring flips of BPTI and cytochrome c fall within the range of ⌬V ‡ of 28 to 51 mL mol −1 and ⌬H ‡ of 71 to 155 kJ mol −1 . The fairly common ⌬V ‡ and ⌬H ‡ values are considered to represent the extra space or cavity required for the ring flip and the extra energy required to create a cavity, respectively, in the core part of a globular protein. Nearly complete cold denaturation was found to take place at 200 MPa and 257 K independently from the ring reorientation process.
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The intimate relationship between the dynamics and function of a protein has been extensively discussed in the past and is still an exciting field in protein science. Spin relaxation in NMR spectroscopy has proven to be useful for investigating the average microscopic dynamics of a protein occurring in the frequency range normally of 10 9 sec −1 or higher. Various lines of evidence derived from hydrogen exchange experiments (Woodward et al. 1982 (Woodward et al. , 2004 Englander and Moyne 1992) and advanced spin relaxation analysis (Ishima and Torchia 2000; Frans et al. 2001; Meiler et al. 2003) indicate that slower motions in the time range of milliseconds to microseconds are widely involved in protein dynamics under conditions that stabilize the folded state. In many cases, slower and rare fluctuations in microseconds to milliseconds or even second range may play more crucial roles in protein function than the average fluctuation of the structure in the picosecond-to-nanosecond range.
Slow motions in proteins are generally associated with cooperative motions involving significant changes in energy and volume, and therefore are sensitive to temperature and pressure. Particularly straightforward and important from the view of NMR spectroscopy are the 180°flip motions of rings of aromatic amino acids about their C ␤ -C ␥ axes (Campbell et al. 1975 (Campbell et al. , 1976 Wagner 1975, 1978; Wagner 1980 Wagner , 1983 Li et al. 1999) . Intrinsically, the flip rate of a tyrosine or phenylalanine ring is rapid (>>10 6 sec −1 ) when the rings are well exposed on the surface of the protein, so that the NMR signals for the ␦1, ␦2 protons and the 1, 2 protons of a tyrosine or phenalylalanine ring merge into one because they feel the same time-averaged local magnetic fields. However, when the rings are buried in the interior of the folded structure, the flip rates can become much slower (<<10 6 sec −1 ), giving significant changes in line shape of the signals of the ␦1, ␦2, or the 1, 2 ring protons.
The flip rates of the side chains serve as probes reporting the fluctuation of the interior of the folded structure, accurately and site-specifically. Temperature and pressure dependence of the flip rate is expected to bring crucial information on energy and volume fluctuations in the interior of the folded protein. Temperature dependence of the rate of ring flip has been reported for phenylalanine and tyrosine residues of BPTI (Wagner et al. 1976; Wüthrich and Wagner 1978) , cytochrome c Campbell et al. 1976) , and hen lysozyme (Campbell et al. 1975) . On the other hand, pressure dependence of the rate of ring flip has been reported only for BPTI using 1 H one-dimensional (Wagner 1980 (Wagner , 1983 and two-dimensional (Li et al. 1999) high-pressure NMR techniques.
In the present work, we study the slow conformational dynamics of HPr from Staphylococcus carnosus using the reorientation of a tyrosine ring as a probe. The pressure and temperature dependence of the tyrosine reorientation rate in the interior of the protein is measured using the on-line cell variable-pressure NMR technique at 750 MHz Arnold et al. 2003) . HPr from S. carnosus is a small globular protein (88 amino acids), which unlike BPTI, has no disulfide bonds. It is an essential constituent of the phosphoenolpyruvate-dependent phosphotransferase system, a transport system for carbohydrates in bacteria (Postma et al. 1993) , and transfers a phosphoryl group from Enzyme I (EI) to Enzyme IIA (EIIA). The 1 H and 15 N NMR spectra of HPr from S. carnosus have been completely assigned and the folded three-dimensional structure in solution has been elucidated (Görler et al. 1999a; Fig. 1) . As is true for all HPr proteins, the basic structure of HPr from S. carnosus consists of four antiparallel ␤-strands and three ␣-helices facing the ␤-pleated sheet. It contains three tyrosine residues: one phenylalanine and one histidine residue; the 1 H NMR spectra of all the aromatic residues are well separated and fully assigned (Görler et al. 1999 ). In our previous study of 15 N-enriched HPr from S. carnosus by two-dimensional heteronuclear NMR spectroscopy under varying pressure (3 to 200 MPA) (Kalbitzer et al. 2000) , large pressure-induced 1 H and 15 N shifts were found, suggesting relatively large amplitude motions within the folded manifold of this protein (Kalbitzer et al. 2000; Akasaka and Li 2001) .
Results
The microscopic environment of the aromatic residues in HPr and the internal hydrogen bonding of Tyr6 Figure 1 shows the average three-dimensional structure of HPr from S. carnosus determined by NMR spectroscopy (Görler et al. 1999a) . We note that all aromatic residues are located close to or at the surface of HPr with the only exception, Tyr6. Tyr6 is embedded in the core of the protein between the four-stranded ␤-pleated sheet and helices b and c. The contacts of its ring atoms with other atoms were calculated from the bundle of structures and are deposited in the database (Görler et al. 1999a ). The ring of Tyr6 is surrounded by the side chains of Ile61, Thr78, and Leu81 (Table 1 ). The protection factors of the amide groups of Tyr6 and Thr78 are quite high with 5.0 10 5 and 2.1 10 5 at 298 K. However, for Ile61 and Leu81, the protection factors are with 2.4 10 4 and 9.5 10 3 rather small compared to the maximum value of 3.7 10 6 found for Ser27 (data not shown).
Normally, the hydroxyl proton of a tyrosine ring is not observable by NMR spectroscopy since it exchanges rapidly with the bulk water. Surprisingly, there is a group of 16 otherwise unassigned NOE cross-peaks that can be explained by back calculation of the data under the assumption that the hydroxyl proton of Tyr6 is slowly exchanging with Figure 1 . The 3D structure of HPr from S. carnosus. The lowest energy structure of HPr from S. carnosus (Görler et al. 1999a ) is depicted and the aromatic residues are highlighted. In addition, NOE contacts of the hydroxyl proton of Tyr6 are indicated.
water and has a resonance frequency at 8.034 ppm relative to the DSS (see Materials and Methods). Figure 2 shows a comparison between a part of the experimental spectrum and the spectrum back calculated from the three-dimensional structure of HPr. In Figure 1 , the NOE contacts following from such an assignment of the hydroxyl group are depicted in red.
In Figure 2 , the motions of all atom pairs except methyl groups and aromatic rings were taken into account by using the so-called model-free approach (Lipari and Szabo 1982a,b) . When a structure and the resonance assignments are known, NOESY spectra can be back calculated with rather high confidence. For a better description the internal motions have to be considered. For all atom pairs containing protons from a methyl group a fast-jump model was used, for atom pairs involving aromatic rings a slow jump approximation was selected. Order parameters were taken from experimental data where available or taken from literature (see Materials and Methods).
In the majority of the NMR structures the hydroxyl proton of Tyr6 is close to O ␥1 of Thr78. The H-O distance in the 10 structures deposited in the protein database is 0.34 nm ±0.09 (at a confidence level of 99%) and the O-O distance is 0.39 nm ±0.09 (at a confidence level of 99%). This is somewhat larger than the typical hydrogen bond length. However, taking into account that the hydrogen bond was not stabilized by a hydrogen bonding restraint in the calculations and electrostatic terms were switched off the experimental distance is in line with the formation of a hydrogen bond between the hydroxyl proton of Tyr6 and the O ␥1 of Thr78. The analysis of the water accessibility of the hydroxyl proton by the program MOLMOL (Koradi et al. 1996) calculated for the first of the 10 submitted structures leads to the conclusion that the hydroxyl proton is shielded nearly completely from the bulk water (water accessible surface <0.003 nm 2 ). The same is true for the ring of Tyr6, the water accessible area is less than 0.26 nm 2 where the main contribution comes from H ␦1 with 0.14 nm 2 . Figure 3 shows the aromatic region of the 1 H NMR spectrum of HPr from S. carnosus in D 2 O at 3 MPa at temperatures varying between 275 K and 313 K. The spectrum is dominated by the signals of the ring protons of the three tyrosines, the only phenylalanine and the only histidine residue of HPr. In addition, residual weak signals from amide protons can be observed that are still visible because the 1 H content of the heavy water is 0.15% and because the freezedried protein still contains some bound 1 H 2 O. The signals of the aromatic residues are well separated at high temperature (e.g., 313 K); the signals of the ␦1, ␦2 protons as well as the 1, 2 protons are averaged by the fast ring flip around the C ␤ -C ␥ bond. By referring to the literature (Görler et al. 1999a) , all the signals of the aromatic ring protons are assigned as labeled in the spectrum at 313 K. They are the singlet signals of H ␦2 and H 1 of His15 (at 7.25 ppm and 7.77 ppm, respectively), the doublet signals of H ␦1,␦2 and H 1,2 of Tyr6 (6.86 ppm and 6.53 ppm, respectively), Tyr37 (7.26 ppm and 6.97 ppm, respectively), and Tyr64 (6.98 ppm and 6.69 ppm, respectively), and the H ␦1,␦2 ,
Temperature-dependent spectral changes at 3 MPa
, and H signals of Phe29 (7.38 ppm, 7.16 ppm, and 7.07 ppm, respectively).
With decreasing temperature, the resonance positions and intensities of most aromatic ring protons remain nearly invariant, but the H ␦1,␦2 and H 1,2 signals of Tyr6 become selectively broadened and disappear nearly completely at 275 K. The extensive broadening observed for the ring protons of Tyr6 at lower temperatures can only be explained by exchange broadening. It is caused by a decreased ring flipping rate with decreasing temperature. The differences of the magnetic environments (and, hence, of the resonance frequencies) are only insufficiently averaged for the protons in symmetry-related positions (H ␦1 and H ␦2 , H 1 and H 2 of Tyr6) and thus contribute to the line widths. and H 1 signals of His15 also show significant downfield shifts with increasing pressure due most probably to the increased protonation of the histidine ring caused by the increased pK a . Figure 5 shows the pressure effects on the aromatic region of the spectrum of HPr at low temperature (275 K). At 3 MPa, the signals of Tyr6 are already broadened beyond detection due to slow reorientation of the tyrosine ring. At .24 ppm and 6.47 ppm with increasing pressure, which must arise from the ring protons of Tyr6 at a slow exchange condition. Since the two signals are not symmetrically arranged about either of the predicted average resonance positions for the ␦ and protons of Tyr6, each of them must represent one component of a pair of signals expected either for the ␦ or protons of Tyr6 at slow exchange conditions. The position of the other components of a given pair of H ␦ and H resonances can then be calculated to be at 7.13 ppm and 6.80 ppm, respectively (Fig. 5) . Although the signals at 6.80 and 7.13 ppm occur in a crowded part of the spectrum and therefore cannot be identified in the spectrum, the experimental data are consistent with the predicted positions of the resonance lines. Figure 6 shows further spectral changes at 200 MPa when the temperature is decreased stepwise to 257 K by taking advantage of a low freezing point of water (251 K) at 200 MPa. In the top spectrum recorded at 283 K the resonances of Tyr6 are broadened beyond detection. As already described above the upfield shifted components of the now inequivalent H
Pressure-dependent spectral changes at ambient and low temperatures
␦ and H resonances become visible at 275 K and get more narrow at lower temperatures.
At 200 MPa and 283 K, additional resonances are observed, whose intensities increase with decreasing temperature (Fig. 6) . Since the signals appear at positions expected for the ring protons of tyrosines, phenylalanines, and histidines in denatured, random coil-like proteins (Bundi and Wüthrich 1979; Arnold et al. 2002) , they can be ascribed to the denatured fraction of the HPr protein. At 257 K HPr is found nearly completely denatured, meaning the cold denaturation under pressure.
Quantitative analysis of the ring flip dynamics
With the known chemical shifts of the individual ring protons of Tyr6, the line shapes of these signals can be fitted to the life time of the exchange e using the density matrix formalism including J-coupling as it is implemented in the program WinDNMR (Reich 1995) . Figure 7A shows such a fit to the temperature-dependent changes of the well-resolved H 1,2 signal(s) of Tyr6 at 3 MPa in the temperature range from 313 K to 275 K. Figure 7b shows a similar fit to the pressure-dependent changes of the H 1,2 signal of Tyr6 at 275 K. In each case, the good fits indicate that the assumptions made for the spectral parameters are reasonable under the experimental conditions.
The temperature and pressure dependence of the exchange rates k 1,−1 ‫/1ס(‬ e ) deduced above allows the calculation of the activation parameters ⌬H ‡ , ⌬S ‡ , and ⌬V ‡ for the ring flip motion using equation 6. Figure 8A shows the semilogarithmic plot of the temperature dependence of the Table 2 .
Discussion

The peculiar microenvironment of Tyr6
Tyr 6 in HPr is located in the hydrophobic core of the protein ( Fig. 1 ; Table 1 ) and is additionally stabilized by a hydrogen bond of its hydroxyl group with the O ␥1 of Thr78. Tyr 6 is conserved in HPr proteins of some other species such as Staphylococcus aureus or replaced by other hydrophobic residues as phenylalanine (Enterococcus faecalis, Bacillus subtilis) or valine (Escherichia coli). In S. aureus a similar hydrogen bonding pattern as in S. carnosus is observed, in which the threonine residue is replaced by a serine residue whose hydroxyl group serves now as acceptor. The two factors, namely the shielding of the hydroxyl groups from the solvent and the involvement of its hydroxyl proton in hydrogen bonding, leads to a remarkable slow down of the hydrogen exchange with bulk water, so that the hydroxyl proton can be directly observed by NMR.
The amide protons of Tyr6 and the amino acids whose side chains are in the close environment of the aromatic ring of Tyr 6 (Ile61, Thr78, and Leu81) are characterized by intermediate to high protection factors for hydrogen exchange ranging from 9.5 10 3 to 5.0 10 5 . This suggests that these amino acids are part of a structural arrangement for the high stability of the hydroxyl proton. The amide group of Tyr6 is engaged in a hydrogen bond to the carbonyl group of Ile61 with an intermediate hydrogen bond energy of −6.3 ± 1.1 kJ mol −1 (Kalbitzer et al. 1999) . Its protection factor is with 1.1 10 5 in the upper 15% of the highest protection factors observed for the exchangeable amide protons of HPr from S. carnosus, but is clearly smaller than 3.7 10 6 found for Ser27 (hydrogen bonded to Val23 in helix a of HPr).
In HPr from S. aureus, closely related HPr from carnosus, Tyr37 can easily be chemically modified by tetranitromethane at one ring C , and Tyr64 is also modified after prolonged incubation with the reagent (Rösch et al. 1981) . However, the modification of Tyr6 leads to irreversible denaturation of the protein. Apparently the Tyr6 ring of HPr from S. aureus is tightly packed by tertiary contacts in the folded state that modification is only possible when the Tyr6 is exposed to the solvent by global unfolding.
The temperature dependence of the flip rate: ⌬H ‡ at two pressures
Plotting ln k as function of 1/T (with T the temperature and k the flip rate constant) gives an apparently linear dependence both at 3 MPa and at 200 MPa (Fig. 8A) , suggesting that activation enthalpies ⌬H ‡ are constant over the temperature range studied. Furthermore, the difference between the ⌬H ‡ values at 3 (87 ± 17 kJ/mol) and 200 MPa (91 ± 18 kJ/mol are quite small (Table 2 ). This would mean that the compression at 200 MPa does not significantly affect the local environment, which modifies the rate of the Tyr6 ring flip within a pressure range from 3 MPa to 200 MPa. However, a slight increase in ⌬H ‡ at high pressure appears to be consistent with the relatively subtle general compression effect on the folded protein represented by an average shrinkage of hydrogen bonds by approximately 1% at 200 MPa (Li et al. 1998; Akasaka and Yamada 2001) .
The pressure dependence of the flip rate: ⌬V ‡ at two temperatures
The dependence of ln k on pressure for HPr from S. carnosus can be satisfactorily represented by a straight line at 
Cold denaturation
A reversible cold denaturation was observed at 200 MPa (Fig. 6 ). The local environment of Tyr6 is fully destroyed, and the ring would be free to rotate in the cold denatured state. This indicates a general possibility that a fluctuation leading to cold denaturation may contribute to the ring flip. However, since the flip rate decreases with decreasing temperature and increasing pressure, it is obvious that there is no direct connection between the ring flip and the cold denaturation. At 3 MPa where the ring flip takes place in the range of 10 3 to 10 5 sec −1 , no cold denaturation is evident. At medium to high temperature, a possibility of contribution from the heat denaturation may be considered. However, the fraction of the heat denatured protein in solution has a parabolic profile with a maximum at an intermediate temperature, whereas the flip rate is increasing monotonously with temperature, denying such a possibility for Tyr6 of the HPr. Thus, the ring flip of Tyr6 is a phenomenon occurring entirely in the folded state of HPr and refers to the dynamics of the folded protein.
Amide proton exchange rates are usually slowest for hydrogen bonded amides in elements of tightly packed secondary structure. Amide exchange rates are also coupled to structural transitions involved in global unfolding and in fluctuations of the native state (Woodward et al. 1982) . When exchange is entirely via global unfolding, the protection factor p i calculated for the proton i with the smallest exchange rate is directly related to the Gibbs free energy of global stabilization. Under conditions strongly favoring the folded state, the value of p i is the reciprocal of the equilibrium constant for global unfolding, K i , and ⌬G stab by ⌬G stab ‫ס‬ −RT ln K i (Woodward et al. 2004) . From the protection factor of Ser27, the amino acid with the slowest exchanging amide proton, one obtains a ⌬G stab of −37 kJ mol −1 at 298 K. For Tyr6, Thr78, Ile61, and Leu81 the values of ⌬G stab calculated in the same way are −32 kJ mol −1 , −30 kJ mol −1 , −25 kJ mol −1 , and −23 kJ mol −1 , respectively, meaning that they exchange by subglobal motions of the folded state, or by a mixture of global unfolding and subglobal motions of the folded state. The latter internal fluctuations of the folded state are often viewed as due to one of two types of processes: local unfolding or penetration (Woodward et al. 1982 (Woodward et al. , 2004 . A simple local unfolding mechanism for residues 6, 61, 78, and 81 does not explain the motions involved in Tyr6 ring flips as the "open" form would be too rare to allow ring reorientation. However, a penetration model, which involves penetration of water and catalyst to the site of the exchanging amide, is consistent with the pressure dependence of Tyr6 ring flips. The observed activation volume indicates a cavity corresponding to two to four waters (see below) is transiently created in the vicinity of Tyr6.
Comparison of the ring flip in HPr with those in previously studied proteins
Slowly reorienting ring systems are seldom observed in proteins because the reorientation must be hindered considerably by the atoms located above and below the ring plane. So far, only a few examples have been described in the literature and analyzed in detail. The first and the best studied case for slowly exchanging aromatic rings is found in BPTI Wagner 1975,1978; Wagner 1980 Wagner , 1983 Li et al. 1999 ), a small globular protein stabilized by disulfide bridges and thus potentially more restricted than proteins with no disulfide bridges, e.g., cytochrome c (Campbell et al. 1975 (Campbell et al. , 1976 (Li et al. 1999) . Our result (Fig. 7A) shows that the ring flip of Tyr6 of HPr at pH 7.6 is quite slow at 3 MPa, occurring in the time range of milliseconds to approximately microseconds, a time domain considered likely to be coupled with function, although, at present, we do not know how this fluctuation is coupled to the function of HPr.
The activation enthalpies for ring flips in the two previously studied proteins are BPTI (71 and 139 kJ mol −1 ) and cytochrome c ( Table 2 ). The activation enthalpy ⌬H ‡ 89 ± 10 kJ mol −1 found for HPr is close to that for cytochrome c (97 kJ mol −1 ) and falls between 71 and 155 kJ mol −1 for BPTI. The differences among residues of these proteins are fairly modest when we consider different numbers of disulfide bridges in different proteins and their thermal stabilities.
There are even less differences in activation volume among the two proteins BPTI and HPr. The only existing reported pressure dependence of the flip rate of aromatic rings is BPTI (Wagner 1980; Li et al. 1999 ) before the present report for HPr. The ⌬V ‡ values found for the Tyr and Phe ring flips of BPTI (at 353 K) lie between 28 and 51 mL/mol. The positive ⌬V ‡ values are commonly found for the two proteins, which indicates that a volume expansion is commonly involved in the activated state of the flip process. The value found for HPr (27 ± 3 mL/mol) falls within the relatively small range of 28 to 51 mL/mol found for the aromatic residues of BPTI.
Mechanistic implications for protein fluctuation
Two models may be considered about the mechanism and the consequent interpretation of the activation volume ⌬V ‡ for the aromatic ring flip in the interior of a globular protein.
One is a diffusion model based on Kramers's theory (Kramers 1940) in which the rotation of the ring is to take place diffusively in the viscous media of the surrounding (Karplus and McCammon 1981; Wagner 1983) . The other is a cavity model in which the flip of the ring is to take place instantly upon spontaneous formation of a cavity that creates a sufficient free volume for the rotation of the ring (Wagner 1980) and is optimally described by the transition state theory. The size of the cavity can be estimated as the difference between the volume V total necessary for a full rotation of the aromatic ring and the volume V ring of the ring itself. Assuming a sphere of 0.34 nm radius for calculating V total one obtains 0.164 nm 3 . With a V ring of 0.082 nm 3 a ⌬V ‡ of 0.082 nm 3 was predicted by Wagner (1980) . Reducing the size of the sphere to a very small contact radius of 0.28 nm leads to a prediction of a ⌬V ‡ of 0.046 nm 3 (Hetzel et al. 1976 ), a value very close to the values found in BPTI and now in HPr.
The positive ⌬V ‡ value of 0.044 ± 0.008 nm 3 of Tyr6 of HPr (Table 2) indicates that the flip requires opening of the space surrounding the Tyr6 ring by approximately 0.044 nm 3 at the activation state. Literally, this means that an extra space or a cavity corresponding to the volume of approximately four water molecules is created at a rate 10 1 to 10 5 sec −1 around Tyr6. Similar ⌬V ‡ values for a ring flip within a globular protein were reported previously for two residues of BPTI. It is noteworthy that, despite the variety of microenvironments and types of the individual aromatic rings, the ⌬V ‡ of 27 ± 3 mL mol −1 for Tyr6 of HPr at 298 K is comparable to that (28 ± 5 mL/mol) of Phe45 and that (36 ± 6 and 51 ± 12 mL mol −1 ) of Tyr35 of BPTI at 330 K. This observation fits well with the notion that the flip requires a minimum common space or cavity to be created around the ring. This extra space must be created as a result of cooperative thermal fluctuations of atoms surrounding the Tyr6 ring, occurring infrequently (10 3 to 10 5 s −1 ) around Tyr6 at ambient pressure. This means that a cavity is infrequently created in the most buried part of the protein (the core). This model is consistent with the dynamic nature of cavity formation (Kocher et al. 1996) or a mobile defect model such that water occasionally penetrates into the core of the protein (Lumry and Rosenberg 1975; Pain et al. 1987) , used to interpret the phenomena of hydrogen exchange of an internal amide group with the bulk water.
We also found that the distribution of ⌬H ‡ values among the three proteins is rather modest in the range of 71 to 155 kJ mol −1 . In a simple picture the ⌬H ‡ value corresponds to the energy required to create the space or cavity in the core part of a globular protein, the observation may suggest that the infrequent structural fluctuation creating the above-mentioned cavity in the interior of a globular protein is a fairly common process. This view is supported by the observation that these ⌬H ‡ values roughly coincide with the common activation energies (80-160 kJ mol −1 ) for hydrogen exchange caused by small amplitude fluctuations of most globular proteins (Woodward et al. 1982 ). In conclusion, our present result and those previously reported on BPTI and cytochrome c seem to be consistent with the cavity model for the ring flip.
Materials and methods
Sample preparation
HPr from S. carnosus was expressed in E. coli and purified as described previously (Kruse et al. 1993 
High-pressure NMR measurements
The technical details of the on-line cell variable-pressure NMR method employed here is described elsewhere Yamada et al. 2001) . The protein solution is contained in a long quartz capillary, the end of which is a body part (inner diameter of 1 mm, outer diameter of 3 mm) which sits in the coil of the NMR probe for signal detection. The pressure of the sample solution was regulated at a desired value between 3 MPa and 200 MPa with a hand pump remotely located from the 17.6 T magnet (Japan Magnet Technology). 3 MPa was chosen for the lowest pressure of instead of 0.1 MPa, to avoid any effect from air bubbles in the sample solution. A commercial 5-mm 1 H-selective NMR probe (Bruker) was used for signal detection without any modification.
NMR spectra at varying pressures were measured on a Bruker DMX-750 spectrometer operating at a 1 H frequency of 750.13 MHz. All one-dimensional 1 H NMR spectra were recorded with a spectral width of 10 kHz and with 32768 complex data points. Three thousand seventy-two free induction decays were averaged. Water suppression was accomplished by presaturation during the relaxation delay of 1.5 sec. Chemical shifts were measured relatively to the methyl signal of (TSP at 0 ppm or to dioxane at 3.75 ppm). The separation of the two signals was invariant with pressure within experimental error. Data were processed with the XWIN-NMR package (Bruker) running on a Silicon Graphics O 2 workstation.
Assignment of tyrosine hydroxyl groups
A sample of 4.3 mM unlabeled HPr in 90% H 2 O/10% D 2 O, pH 7.2 was used. NOESY spectra (Jeener et al. 1979 ) were recorded with a mixing time of 150 msec at a proton resonance frequency of 800.13 MHz with 1024 * 8192 time domain data points in t 1 and t 2 directions, respectively, and at a temperature of 298 K. Phasesensitive detection in the t 1 -direction was obtained using timeproportional phase increments (TPPI) (Marion and Wüthrich 1983) . The repetition time was 2.37 sec. Spectra simulations were performed using the program RELAX-JT2 (Görler and Kalbitzer 1997; Görler et al. 1999b; Ried et al. 2004) implemented in the program package AUREMOL . As input for the simulations, one of the final three-dimensional solution structures of HPr from S. carnosus together with the corresponding resonance line assignment were used (Görler et al. 1999a) . Otherwise, the same parameters, e.g., repetition time, mixing time, digital resolution, etc., that were described for the corresponding experimental spectrum were also used in the simulations. The global correlation time c ‫ס‬ 5.62 nsec of HPr employed in the simulations was calculated from relaxation measurements performed on uniformly 15 N enriched HPr at 298 K (Schubel 2000) . From the possible motional models as defined in Görler and Kalbitzer (1997) LIPARI_1 was selected for all atom pairs not including a methyl group or an aromatic ring. It represents a simplification of the original motional model defined by Lipari and Szabo (1982a,b) , and it is justified in cases where one can assume that the correlation times of the fast internal motions are considerably smaller than the global correlation time. For all atom pairs containing protons from a methyl group a fast-jump model was used where it is assumed that the internal correlation time of the methyl group is much smaller than the global correlation time. For atom pairs containing members from aromatic rings where it can be assumed that the internal correlation time of the jump motion of the ring is much larger than the global correlation time a slow jump approximation was selected. For all atom pairs containing only backbone atoms an average order parameter S 2 of 0.95 has been experimentally determined (Schubel 2000) . For all atom pairs containing side-chain and main-chain atoms an S 2 of 0.80 was used, while for side-chain side-chain interactions an S 2 value of 0.65 was assumed. The latter two values were not experimentally determined but taken from the literature (Brünger 1992) . Within RELAX-JT2 it is possible to automatically correct for deviations of the molecule from spherical shape. However, in case this option is activated, in the current version of RELAX-JT2 the molecule is treated as a rigid body. Since the three-dimensional structure of HPr can be approximated fairly well with a sphere, this option was not activated.
Calculation of the ring-flip rates and kinetic parameters
The ring-flip rates of Tyr6 were evaluated by simulating experimental line shapes using the density matrix formalism with the program WinDNMR (Reich 1995) , taking explicitly the effect of coupling constants into account. The viscosity and temperature dependent change of the T 2 -relaxation was introduced in the calculation by assuming as a first-order correction for the effects of temperature T and pressure p on the exchange-independent part T 2 (T,p) of the transversal relaxation time by T 2 ͑T,p͒ = T 2 ͑T 0 ,p 0 ͒ rot ͑T 0 ,p 0 ͒ rot ͑T,p͒ 
The viscosity change with temperature or pressure can be obtained from the change of the transversal relaxation times T i 2 of other aromatic residues, which show no exchange effects. Especially suited are the well-resolved H ␦ -resonance of Phe29 and the H -resonance of Tyr64. The relative viscosity changes can then determined as ͑T 0 ,p 0 ͒ ͑T,p͒ ‫ס‬Ͻ T 2 i ͑T,p͒
Before the fit of the data the noise level was decreased by multiplying the FID with an exponential filter leading to an additional line broadening of 1 Hz. The difference in the activation free energy ⌬G ‡ , the activation enthalpy ⌬H ‡ , the activation entropy ⌬S ‡ , and the activation volumes ⌬V ‡ were obtained by fitting the temperature dependence and pressure dependence of the exchange (or the flip) rate constants k 1,−1 to the Eyring equation with
and
with k B Boltzmann's constant, h Planck's, and R the gas constant. For the fit of the data the coupling constant 3 J H␦-H was taken as 7.4 Hz.
Amide exchange rates
Amide exchange rates were calculated from a series of 1 H, 15 N HSQC spectra of freeze-dried, uniformly 15 N enriched HPr protein from S. carnosus dissolved in D 2 O at pH 7.2. Spectra were recorded at 298 K, the pseudo first-order experimental exchange rate constants k exp,i of the amino acids I were obtained from an exponential fit. Protection factors p i were calculated as
with k cal,I the exchange rate constants calculated according to Bai et al. (1993) .
